The signaling molecule DHH, secreted by Sertoli cells, has essential regulatory functions in testicular differentiation. DHH is required for the differentiation of peritubular myoid cells that line the seminiferous cords and steroidogenic Leydig cells. The testicular cords in Dhh-null male mice lack a basal lamina and develop abnormally. To date, the DHH-signaling pathway has never been examined outside of any eutherian mammals. This study examined the effects of inhibition of DHH signaling in a marsupial mammal, the tammar wallaby, by culturing gonads in vitro in the presence of the hedgehog-signaling inhibitors cyclopamine and forskolin. Disruption of hedgehog signaling in the tammar testes caused highly disorganized cord formation. SOX9 protein remained strongly expressed in Sertoli cells, laminin distribution was highly fragmented, and germ cells were distributed around the cortical regions of treated testes in an ovarianlike morphology. This suggests that hedgehog signaling regulates cord formation in the tammar wallaby testis as it does in eutherian mammals. These data demonstrate that the hedgehog pathway has been highly conserved in mammals for at least 160 million years.
INTRODUCTION
In mammals, the testis and the ovary are derived from the same gonadal primordia. The testis initiates differentiation earlier than the ovary. In the mouse, the gonadal ridge develops at 11.5 dpc (days postcoitum), and by 12.5 dpc, well-defined seminiferous cords are visible in the testis. An increase in cell proliferation is one of the earliest features of testicular differentiation [1] . This testis-specific proliferation in the coelomic epithelium and later in Sertoli cells in the testis is induced by SRY. In mice, testicular cords are formed as a result of the migration of endothelial cells between Sertoli cells and germ cells to create cord partitions [2] . These early cord structures grow and become surrounded by peritubular myoid cells to form testicular cords. The peritubular myoid cells are thought to be derived from the interstitial cells. Sertoli cells then define the testicular cord shape and produce extracellular matrix proteins in conjunction with the myoid cells to create the basement membrane [2] .
The hedgehog signaling pathway is a vital regulator in the patterning of the testis [3] and plays an important role in seminiferous cord formation [4] . The hedgehog gene family consists of three members-DHH (desert hedgehog), SHH (sonic hedgehog), and IHH (Indian hedgehog)-that are essential for the differentiation and patterning of numerous organ systems during vertebrate development [3] . Of the three hedgehogs, only DHH has been implicated in the differentiation of the early mammalian testis.
DHH, a paracrine factor secreted by Sertoli cells, is necessary for the proper patterning of the mammalian testis and in part is responsible for differentiation of the peritubular myoid cells and steroidogenic Leydig cells [5, 6] . Dhh-null mice develop abnormal peritubular myoid and Leydig cells on certain genetic backgrounds. Similarly, Dhh-mutant rats have impaired Leydig cell development [7] . Dhh-null XY mice have disorganized and irregularly shaped Sertoli cells that do not form a cohesive cord and have no basal lamina, and the seminiferous cords are anastomotic [5] . In addition, adult mutant mice are infertile because of disrupted spermatogenesis as a result of defects in basal lamina deposition [4] . The cause of the infertility is due to the absence of germ cells during testicular development although Sertoli cells are present in seminiferous cords, suggesting a possible role for DHH in regulating germ cell maturation and proliferation in the early testis [8] . In contrast, female Dhh-null mice appear normal and are fertile.
In vitro experiments with the hedgehog-signaling antagonists cyclopamine and forskolin on embryonic mouse testes support the observations from Dhh-null mice. Cyclopamine is an antagonist specific to Smo (smoothened) [9] , a receptor protein essential for normal hedgehog signal transduction. Forskolin is another hedgehog-signaling antagonist that activates PKA (protein kinase A), blocking hedgehog signaling downstream of Smo [10] [11] [12] [13] [14] [15] [16] . Embryonic mouse testes cultured with cyclopamine or forskolin disrupt normal laminin deposition in the basement membrane, but Sertoli cell differentiation is not affected [17] . Treatment with cyclopamine caused defects in Leydig cell differentiation. In contrast, forskolin treatment induced premature germ cell entry into meiosis in males, inhibited mesonephric cell migration, but had no effect on Leydig cell differentiation [17] . Cyclopamine can also alter the expression of DHH downstream target genes in cultured adult seminiferous tubules, suggesting that DHH has a continued role in adult testis function [18] .
Dhh is expressed in Sertoli cells after Sry expression, consistent with a role in cord formation [19] , and mediates its effect through PTCH (patched) receptors that eventually lead to the translocation of Gli transcription factors to the nucleus [20] . Absence of Ptch1 expression in the testes of Dhh-knockout mice indicates that Ptch1 is downstream of Dhh [8] . The binding of DHH to PTCH1 results in the activation of SMO that subsequently activates downstream signaling pathways that are required for Leydig cell development [6] . Although PTCH1 is expressed in the testis and can mediate DHH action [4, 6] , the predominant receptor that is expressed in the testis is PTCH2 [21] . Furthermore, DHH mutations in patients with gonadal dysgenesis suggest there is a conserved role for hedgehog signaling in mammalian gonadal development [22] [23] [24] .
Although the regulation of cord formation by hedgehogs is well established in the mouse model, the mechanism has never been examined in noneutherian mammals. The cellular morphology of the developing tammar testis is similar to that of eutherians, but its development relative to gestation is different [25, 26] . In contrast to the mouse in which the testis differentiates in utero and well-defined testicular cords develop within 12 h of the formation of the gonadal primordium, testicular differentiation in tammar occurs after birth and over an extended period of 5-6 days [26, 27] . On the day of birth, the gonad remains undifferentiated and indistinguishable between males and females. The testis differentiates 1 day after birth with clearly visible testis cords at Day 2 pp (postpartum) while the ovarian cortex is only distinguishable from the medulla around 7-8 days after birth [27] . In the testis, cords containing germ cells continue to expand in size while cells on the surface of the gonad develop into the tunica albuginea that surrounds the testis. Exterior to the cords are interstitial cells that include the Leydig cells and the endothelial cells that form the vasculature. Leydig cells are not fully differentiated during early testicular development despite their appearance at 2 days after birth [28] .
Despite the recent completion of the tammar wallaby genome [29] and development of this species as a comparative model, it is not yet possible to create marsupial knockouts or transgenics. However, using gonadal cultures, it is possible to manipulate gene expression. This study is the first functional study that examines the role of hedgehog signaling during marsupial gonadogenesis and uses a gonadal culture system to examine the effects of inhibition of hedgehog signaling during early gonadal development.
MATERIALS AND METHODS

Animals
Tammar wallabies of Kangaroo Island (South Australia) origin were maintained in open grassy yards in our breeding colony. Fetuses of each sex were collected at various stages of gestation as previously described [30, 31] . During the breeding season adult females were checked daily for births (designated Day 0 pp). In cases in which the day of birth was uncertain, the age of the pouch young was estimated using head length from published growth curves [32] . The sex of the pouch young was determined by the presence or absence of scrotal bulges or mammary primordia, which is a well-established method used for marsupials in which these sexually dimorphic structures are determined by a gene or genes on the X-chromosome before gonadal sex differentiation [33] [34] [35] [36] . All the sampling techniques and collection of tissues were approved by The University of Melbourne Animal Experimentation and Ethics Committees. All the experimental procedures conformed to Australian National Health and Medical Research Council (1990) guidelines and were approved by Institutional Animal Experimentation Ethics Committees.
Tissues
Testes and ovaries from male and female fetuses and pouch young were collected under RNase-free conditions. Gonads from fetuses at Days 25 and 26 of gestation (n ¼ 2 of each sex) and pouch young between Days 0 and 20 pp (n ¼ 3 every 2 days of each sex) were dissected with the mesonephros attached for use in histology and immunohistochemistry. Gonads were fixed and sectioned as described below. Gonads attached to the mesonephros were also dissected from male (n ¼ 9) and female (n ¼ 6) neonates (day of birth) and placed onto agar molds for culture. After the culture period, tissues for immunohistochemistry were fixed overnight in 4% paraformaldehyde, washed several times in phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 ; pH 7.4), and stored in 70% ethanol before paraffin embedding and sectioning at 8 lm. Gonads for expression analysis were snap-frozen with mesonephros removed and stored at À808C.
Gonadal Culture
Gonads with mesonephros attached were collected from Day 0 male (n ¼ 9) and female (n ¼ 6) neonates as described above and cultured for 6 days in the treatment media. These 15 pairs of gonads were divided into two treatments with the following inhibitors: cyclopamine (n ¼ 8; C4116; Sigma) or forskolin (n ¼ 7; F3917; Sigma). Five testes and three ovaries were treated with cyclopamine, and four testes and three ovaries were treated with forskolin using the methods described [17] . For each gonadal pair isolated from a neonate, one gonad was cultured without the inhibitor (vehicle control) and the other was cultured with the inhibitor (cyclopamine or forskolin). For expression analysis, each gonad (left and right) from two animals was divided into three pieces, each piece placed in one treatment (either untreated control or cyclopamine treatment or forskolin treatment). Gonads were cultured on a 1.5% agar block for 6 days in a humidified environment at 378C in 5% CO 2 in air as previously described [37] . The control medium was Dulbecco minimal Eagle medium (Gibco) supplemented with 10% fetal bovine serum (Gibco), 100 international units penicillin G and 100 lg/ml streptomycin (Gibco), insulin-transferrin-selenium (100 lg/ml; Gibco), L-glutamine (2 mmol/ml; Gibco), and vehicle (dimethyl sulfoxide for cyclopamine and forskolin). The inhibitor medium was the control medium supplemented with either 25 lM cyclopamine or 20 lM forskolin. These doses were based on those used for mice [17] . Culture medium was replenished every second day. At the conclusion of the culture, all the gonads were fixed and embedded in paraffin for histology and immunohistochemistry as described.
RT-PCR and Real-Time PCR
Total RNA was isolated from snap-frozen gonads using the GeneElute kit (Sigma-Aldrich) according to the manufacturer's specifications. The quality and quantity of total RNA was verified by optical density readings on a SmartSpec 3000 (BioRad). All the samples were DNase-treated using the DNA-free kit (Ambion) according to the manufacturer's specification to remove any potential genomic DNA contamination. One hundred nanograms of total RNA were used for cDNA synthesis using an oligo (dT) 18 primer and the Roche cDNA synthesis kit (Roche) according to manufacturer's instructions. RT-PCR was carried out for DHH, SHH, IHH, and GAPDH to determine the expression of hedgehog ligands in the cultured testes. PCR was performed in a 25-ll reaction using 12.5 ll GoTaq Master Mix (Promega), 0.5 lM of each primer, and 1 ll of cDNA template using the following tammar-specific primers:
. Cycle conditions were: 35 cycles with denaturation at 948C, primer annealing at 608C for 30 sec, and extension at 728C for 30 sec. Expression levels for GLI1 and GLI2 in cultured testes were quantified using real-time PCR with the following tammar-specific primers: GLI1 (Forward: 5 0 -GTCTACTCCATCCTTCAT-3 0 , Reverse: 5 0 -GCAATCAGTCT CATACAC-3 0 ) and GLI2 (Forward: 5 0 -GTTCAGCAGCTAGTGGCTCC-3 0 , Reverse: 5 0 -ACTGCTGCCTCACTGCTTTG-3 0 ). Standard curves and PCR efficiencies for each primer pair were determined using a serial dilution (1/5, 1/ 10, 1/100, 1/1000, 1/10 000 dilution) of testis cDNA. Each sample was amplified in a 20-ll reaction volume using 5 ll cDNA, 10 ll of 2 3 SYBR Green master mix (Roche), 0.3 lM of forward and reverse primers, and 3 ll water. The mixture was incubated at 958C for 10 min, followed by 40 cycles of denaturation at 958C for 30 sec, annealing at 608C (GLI2) or 558C (GLI1) for 30 sec, and extension at 728C for 30 sec. Melting curve analysis and gel electrophoresis of the products confirmed the amplification of a single amplicon in each reaction. Reactions were run in triplicates on a Stratagene Mx3000P system (Agilent Technologies). Correct amplification of target genes using the above primers were verified through sequencing of the PCR products. The relative expression of GLI1 and GLI2 were normalized against GAPDH CHUNG ET AL. expression and calculated using the DC t method as described by Pfaffl [38] . Factorial analysis of variance was performed to compare the relative expression of GLI1 and GLI2 in cyclopamine-or forskolin-treated testes to untreated control testes. The positive control tissues used were Day 15 pp testis for DHH, Day 25 of pregnancy hindlimb for SHH, and Day 116 pp ovary for IHH. Negative control reactions were prepared as described above but with no template added.
Immunohistochemistry
All the tissues were serially sectioned at 8 lm and put onto polylysinecoated slides (polylysine, Menzel-Glaser; slides, Lomb Scientific). Sections were dewaxed, rehydrated through a solvent and ethanol series according to standard procedures, and washed three times for 3 min each in PBS. Slides for SOX9 labeling were immersed in 10 mM Tris, pH 10, at 958C for 20 min for antigen retrieval and cooled for another 20 min at room temperature. Slides for laminin labeling were incubated in 0.05% pronase (Sigma-Aldrich) for 10 min. After antigen retrieval, sections were washed three times for 3 min each in PBS. Sections were then blocked with 10% goat serum or rabbit serum for chromogenic-based visualization or blocking solution (10% heat-inactivated goat serum, 0.1% Triton X-100, 3% bovine serum albumin [BSA] in PBS) for fluorescence visualization for 1 h at room temperature. Primary rabbit anti-SOX9 polyclonal antibody (AB5535; Chemicon), rabbit anti-laminin-1 polyclonal antibody (provided by Harold Erickson, Duke University), or mouse anti-SSEA-1 polyclonal antibody (MC-480; Developmental Studies Hybridoma Bank, University of Iowa) was applied to sections at 1:500 (SOX9 and laminin) and 1:50 (SSEA-1) dilutions, respectively, and incubated at 48C overnight. Sections were washed with PBS three times for 3 min each for chromogenic-based visualization or washing solution (1% heat-inactivated goat serum, 0.1% Triton X-100, 3% BSA in PBS) three times for 10 min each for fluorescence visualization. For immunofluorescence, secondary Cy5-conjugated goat anti-rabbit antibody (Jackson ImmunoResearch) at 1:500 dilution and SYTO13 (Invitrogen) were applied to sections and incubated for 1 h at room temperature. Slides were mounted with 1,4-diazabicyclo[2.2.2]octane (SigmaAldrich), and the edges sealed with nail polish. For chromogenic visualization, biotinylated goat anti-mouse (Dako) was applied at 1:500 dilution and incubated in the same conditions as for immunofluorescence. Sections were washed three times for 5 min each with PBS. Horseradish peroxidaseconjugated streptavidin (Dako) was then applied to sections at 1:500 dilution and incubated for 30 min. Sections were washed three times for 5 min each with PBS. Activated diaminobenzidine (Dako) was applied for chromogenic color development. Slides were washed in distilled water twice for 5 min each, counterstained with haematoxylin, dehydrated through an alcohol series, and coverslipped with DPX (Sigma). SYTO 13 was used as a counternuclear stain for immunofluorescence. The specificity of the SOX9 antibody was previously established [39, 40] . Negative controls were treated as described above but with the omission of the primary antibody. Bright-field images were collected using an Olympus BX-51, and fluorescence images were collected using a Leica DM IRB inverted confocal microscope.
Histology
Sections were dewaxed and rehydrated as previously described and stained with haematoxylin and eosin to study the gross morphology of experimentally treated gonads or Mallorys triple stain to highlight the structural components and the basal lamina.
RESULTS
Key Cell Lineages in Gonadal Development Are Common to Both Eutherians and Marsupials
Sertoli cell lineage. Strong SOX9 staining was present in the nuclei and cytoplasm of somatic cells of the indifferent gonad of fetal males at Day 26 of gestation (Fig. 1A) . After the initiation of testicular differentiation and the formation of cords by around Day 2 pp, immunostaining remained enriched in the nuclei of Sertoli cells in testes as Sertoli cells lined up and began to delineate presumptive cords as previously shown [39, 40] (Fig. 1B) . As testicular differentiation progressed, cords developed into larger tubules and became well-defined with SOX9 distributed exclusively in the nuclei of Sertoli cells (Fig.  1C) . At this stage, Sertoli cells were identifiable as large cells arranged in a distinctive cordlike pattern enclosing germ cells (Fig. 1C) . In contrast, in the indifferent ovary, SOX9 was cytoplasmic and there were very few nuclear-stained cells (Fig.  1D) . SOX9 staining was almost undetectable in the Day 3 pp ovary apart from a few cells with positive nuclear staining (Fig.  1E) . From Day 9 pp onward, the ovary developed distinct cortical and medullary regions with very weak and diffuse cytoplasmic SOX9 immunoreactivity throughout the tissue (Fig. 1F) . All the negative controls showed no staining (Fig. 1,  left insets of B and E) .
Basal lamina. In the indifferent gonad of both male and female, laminin was distributed in a discontinuous and irregular pattern predominantly in the region where the gonad joined the mesonephros (Figs. 1, G and J, and 2, A and D) . In the early testis, the scattered laminin began to coalesce to form a continuous barrier in some parts of the testis, delineating the perimeter of developing seminiferous cords (Figs. 1H and 2B) as it does in the mouse [17] . By Day 9 pp, when seminiferous cords were well developed and visible, laminin was strongly localized at the basement membrane delineating the cords (Figs. 1I and 2C ). In the indifferent ovary, laminin was distributed in small discrete patches between the clusters of somatic and germ cells (Fig. 2, J and 2D ). Laminin remained distributed in an irregular and discontinuous pattern in the Days 3 and 9 pp ovaries, forming a layer surrounding clusters of germ cells (Figs. 1, K and L, and 2, E and F). Unlike in the testis, laminin did not form a continuous layer in the ovary but formed in an irregular and discontinuous pattern. No staining was detected in negative controls (Fig. 1, left insets of H and K).
Germ cell lineage. SSEA-1 was detected in the membranes of the germ cells in both testes and ovaries at the various stages between Day 25 gestation to Day 9 pp (Fig. 2, G-L) . In the indifferent gonads of both male and female, strong SSEA-1 staining was observed in germ cells that were scattered throughout the gonads (Fig. 2 , G and J) and identified by their size, shape, location, and distribution as previously described [41] [42] [43] . At Day 2 pp, SSEA-1-positive germ cells were distributed throughout in the testis, similar to the indifferent gonad but enclosed within the developing seminiferous cords (Fig. 2H) . There was strong SSEA-1 immunostaining in the testis at Day 9 pp. Germ cells were distributed along the internal periphery of cords individually separated by Sertoli cells (Fig. 2,  C, I , and inset). After Day 13 pp, SSEA-1 was undetectable in the testis (data not shown). Similarly in the ovary, strong SSEA-1 immunostaining was observed until Day 9 pp (Fig. 2, J and K). Germ cells in the developing ovary occurred in clusters unlike in the testis. Similarly, in contrast to testes where germ cells were enclosed in cords, SSEA-1-positive germ cells in the ovary were concentrated around the presumptive cortical region that develops during early ovarian differentiation (Fig. 2, K and L). After Day 9 pp, germ cells were clearly cortical, but there was a drop in the number of SSEA-1-positive germ cells. By Day 14 pp, SSEA-1 was no longer detectable in the ovary (data not shown). All the negative controls had no staining (Fig. 2 , left insets of H and K).
Inhibition of Hedgehog Signaling Disrupted Cord Formation but Not Sertoli Cell Differentiation
Of the three hedgehogs examined, DHH was strongly expressed in all the untreated and treated testes (Fig. 3A) as well as in normal pouch young testes (data not shown). No expression was detected for SHH while IHH showed very weak expression, indicating that DHH is the primary hedgehog expressed in the developing testis (Fig. 3A) . In addition, GLI1 and GLI2 were both expressed in cultured testes. GLI1 HEDGEHOG SIGNALING AND CORD FORMATION IN MARSUPIAL expression was significantly reduced in both cyclopaminetreated testes (P , 0.05) and forskolin-treated testes (P , 0.05) when compared to untreated controls (Fig. 3B) . GLI2 expression was decreased in cyclopamine-treated testes; however, the decrease was not statistically significant compared to control testes. Similarly, there was no significant difference in GLI2 expression between forskolin-treated and control testes.
In all the control cultured testes, the morphology appeared normal with a well-developed tunica albuginea and cords after culture for 6 days (Fig. 4, A and I ). There was strong nuclear localization of the Sertoli cell marker, SOX9, although some cytoplasmic staining was observed (Fig. 4, B and J) . There was variation in the staining intensity and the number of SOX9-positive cells in the cultured control testes. This variation was primarily a result of the difference in staining visualization and capture technology between confocal and light microscopy and also partly a result of the position at which the section was taken. SOX9-positive cells aggregated
FIG. 1. SOX9 (red, A-F) and laminin (red, G-L) immunolocalization in the tammar testis (A-C and G-I) and ovary (D-F and J-L), counterstained with 4
0 ,6-diamidino-2-phenylindole (blue). At the indifferent stages of the testis, SOX9 was strongly localized in the nuclei of somatic cells (A) with weak staining also detected in the cytoplasm (A). SOX9-positive cells were randomly scattered throughout the indifferent testis. During cord formation, Sertoli cells aggregated and reorganized into cordlike structures enclosing germ cells (B; white arrow indicates Sertoli cell aggregation). After seminiferous cords formed, SOX9 was localized in the nuclei of Sertoli cells that formed distinct cord structures (C). In the indifferent ovary, SOX9 was localized in the nuclei of few cells (D). There was also weak staining in the Day 3 pp ovary (E). When the cortex and medulla could be clearly distinguished, there was very weak cytoplasmic SOX9 staining throughout the ovary (F). There was no staining in negative controls (representative negative controls, left inset of B and E). Irregular and discontinuous laminin staining was observed mainly in the gonad-mesonephros boundary in the indifferent testis (G). During seminiferous cords formation, widespread laminin immunostaining was observed throughout the testis that formed a continuous outline around cords in some parts (H and I). As the cords become more defined, laminin was strongly localized in the basement membrane surrounding cords that produced a cordlike staining pattern that clearly demarcated seminiferous cords (I). In the indifferent ovary, laminin distribution appeared discontinuous and interspersed throughout the gonad (J). At Day 3 pp, the irregular and discontinuous pattern of laminin staining persisted (K). As the ovary differentiated, laminin localization was observed throughout the ovary in both cortical and medullary regions in a pattern similar to that of the Day 3 pp ovary (L). There was no laminin staining in negative controls (representative controls, left inset of H and K). Bar ¼ 25 lm. SC, Sertoli cell; GC, germ cell; c, cortex; m, medulla; meso, mesonephros; d, day of gestation; D, day after birth; dotted line in C and I denotes cord structure; arrows show Sertoli cells lining up (B) or laminin joining (H); dotted line in F represents cortex and medulla boundary.
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in small clusters forming cordlike structures. Laminin deposition was less fragmented and formed continuous outlines that surrounded large aggregations of cells (Fig. 4,  C and K) . In contrast, inhibition of hedgehog signaling in developing testes by cyclopamine or forskolin exposure resulted in poor cord organization. Testes were poorly developed when compared to cultured controls, with a less pronounced tunica albuginea, loosely packed cells, and less organized cord structures (Fig. 4, E-H and M-P) . However, SOX9 protein expression was maintained (Fig. 4, F and N) . Laminin deposition was more fragmented and scattered in a disorganized pattern in the treated testes (Fig. 4, G and O) . Laminin distribution appeared more severely affected in forskolin-treated testes than cyclopamine-treated testes with almost a complete absence of laminin deposition, resembling control ovaries (Fig. 4O) . However, some cyclopaminetreated testes had partially formed cords as indicated by outlines of laminin deposition (data not shown).
FIG. 2. Mallorys staining (A-F) and SSEA-1 immunostaining (dark-brown, G-L) of developing tammar testis (A-C and G-I) and ovary (D-F and J-L).
The basal lamina and other structural components were stained blue while cells were stained red or pink. The indifferent testis had limited laminin deposition (A). As the testis differentiated, laminin staining was strong at the basement membrane that surrounded large aggregations of cells that were developing into cords (B). Strong laminin staining delineated seminiferous cords as they became more well-defined (C). Similarly, in the indifferent ovary, there was very limited and weak laminin deposition (D). During the differentiation of the ovary, laminin remained irregularly deposited around small clusters of cells and displayed a highly fragmented pattern (E and F). SSEA-1 was strongly localized in the membrane of cells morphologically similar to germ cells in the early stages of testicular development (G-I). In the Day 0 (day of birth) testis, SSEA-1-positive cells were distributed throughout the gonad (G and inset). At Day 2 pp when seminiferous cords are visible, SSEA-1-positive cells were localized either within or close to the lumen of a developing cord (H and inset). As testicular cords became more defined, SSEA-1-immunoreactive cells were observed within the cord tubules, located between Sertoli cells (I and inset), and became more apparent as the cords enlarged and became well-defined (I). A few SSEA-1-positive cells were located outside cords. Similarly in the developing ovary, SSEA-1 was strongly localized in the membrane of cells morphologically similar to germ cells. In the Day 25 gestation gonad, SSEA-1-positive cells were distributed throughout the indifferent ovary but most were located near the gonad-mesonephros boundary (J and inset). In Day 3-4 pp, SSEA-1-positive cells were localized primarily around the outer regions, and few cells were found in the inner region (K and inset). In the Day 9 pp ovary, the cortical and medullary regions were clearly distinguishable. SSEA-1-positive cells at that stage were distributed mainly in the cortical region in large clusters (L and inset). There was no staining in negative controls (representative controls, left inset of H and K). Bar ¼ 50 lm. SC, Sertoli cell; c, cortex; m, medulla; dotted line in I denotes cord; dotted line in L denotes cortical and medullary boundary; arrows represent germ cells.
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In control cultured ovaries, there was normal development of a distinct cortical and medullary region (Fig. 5, A and I ). Either weak cytoplasmic or no localization of SOX9 was detected (Fig.  5, B and J) . There was irregular and disorganized laminin throughout the medullary region, but less deposition was observed in the cortical region of the control ovaries (Fig. 5, C  and K) . In cyclopamine-and forskolin-treated ovaries, the cortical region was less pronounced with less distinct cortical/ medullary boundaries compared to the cultured control ovaries. However, the epithelial layer of these treated ovaries appeared more densely stained, developing a thicker epithelium that is similar to the tunica albuginea seen in testes (Fig. 5, E , M, and insets). As in cultured controls, there was weak and diffuse cytoplasmic SOX9 staining with no nuclear localization (Fig. 5, F  and N) . Laminin deposition in treated ovaries displayed an irregular and disorganized pattern throughout the tissue (Fig. 5G ) although forskolin-treated ovaries displayed stronger laminin staining that delineated small aggregates of cells (Fig. 5O) .
Germ Cell Distribution Deviates from Normal Testicular Pattern in Cyclopamine-and Forskolin-Treated Testes
Germ cells identified by SSEA-1 staining were scattered throughout the control cultured testes (Fig. 4, D and L) . Germ cells were also detected in cyclopamine-and forskolin-treated testes. However, they appeared to form small clusters and were generally distributed near the outer edges of the testes (Fig. 4 , H and P), resembling the distribution seen in control cultured ovaries. In contrast, germ cell distribution in control cultured ovaries showed a normal ovarian pattern with germ cell clusters localized mainly in the cortex and around the cortical/ medullary boundaries (Fig. 5, D and L) . Similarly, germ cells in cyclopamine-and forskolin-treated ovaries were generally distributed near or around the periphery of the ovary (Fig. 5H) . However, some individual germ cells in two of three forskolintreated ovaries were scattered throughout the gonad in a testicularlike pattern (Fig. 5P) .
DISCUSSION
This study strongly suggests that hedgehog signaling plays a conserved functional role in seminiferous cord development in a marsupial, the tammar wallaby, as in the mouse, although the timing of gonadal differentiation in the marsupial and mouse differ. It appears that the hedgehog signaling pathway is functionally similar between these two distantly related mammals that have followed separate evolutionary pathways for up to 160 million years [44] .
DHH and the PTCH receptors are expressed throughout testicular and ovarian development [45] . Downregulation of FIG. 3 . Expression of hedgehogs and GLIs in cultured testes. A) DHH was strongly expressed in control, cyclopamine-treated, and forskolin-treated testes. In contrast, SHH expression was not detected in testes, and IHH showed very weak expression. Positive controls showed detection and sufficient amplification of all three hedgehogs using the same cycle conditions. Negative controls showed no amplification. B) The relative expression of GLI1 and GLI2 in control testes was normalized to an expression level of 1, and the expression levels of cyclopamine-and forskolin-treated testes were compared as a ratio to controls. GLI1 expression was significantly reduced in cyclopamine-treated (*P , 0.05) and forskolin-treated testes (*P , 0.05, 0.43 6 0.06) and forskolin-treated testes (*P , 0.05, 0.49 6 0.02). Cyclopamine treatment resulted in no significant difference in GLI2 expression between cultured testes (cyclopamine-treated, 0.73 6 0.1; forskolin-treated, 1.24 6 0.2) and untreated controls. There was no significant difference in GLI2 expression in forskolin-treated testes when compared to controls. Bar graphs are represented as mean 6 SEM.
CHUNG ET AL.
GLI1 and GLI2 (key mediators of hedgehog signaling) in cyclopamine-treated testes confirmed that we had disrupted hedgehog signaling in the gonad. In addition, decreased GLI1 expression in forskolin-treated testes indicated that forskolin could directly or indirectly target the hedgehog signaling pathway. The normal testicular morphology with the absence of ovarian structures, strong SOX9 nuclear localization, and male-specific distribution of germ cells in control testes showed that testicular differentiation was initiated normally in culture. In contrast, cyclopamine-and forskolin-treated , and forskolin-treated (M-P) testes. Cultured control testes showed development of tunica albuginea and homogenous morphologies (A) and strong nuclear localization of SOX9 (red) defining presumptive cords (B). Laminin deposition (red) in the cultured control testis was less fragmented and surrounded large unstained spaces where cords were forming (C). Germ cells stained with SSEA-1 (dark brown) were arranged in a testicularlike pattern (D). In cyclopamine-treated testes, the morphology appeared poorly organized (E). SOX9 nuclear localization was strong, but cordlike structures appeared less defined compared to controls (F). There was increased fragmentation in laminin distribution scattered in a disorganized pattern that were ovarianlike (G). In addition, SSEA-1-stained germ cells clustered around the edge of the testis (H). Similarly, in the forskolintreated group, the morphology of the cultured control testes appeared homogenous and showed no obvious defects (I). There was nuclear SOX9 localization (dark brown) in Sertoli cells and distinct basal lamina deposition (blue) forming a cordlike pattern (J and K). There were individual germ cells (dark brown) that were scattered throughout cultured control testes (L). Forskolin-treated testes also appeared homogenous and showed no obvious defects (M). There was strong SOX9 nuclear localization in Sertoli cells. However, Sertoli cells did not form a cordlike pattern (N). The basal lamina was almost completely absent in the inner regions of treated testes (O), and germ cells were generally distributed near the edges, forming small clusters (P). Long dotted line denotes cordlike structures; small dotted line denotes outline of the gonad; arrow represents laminin deposition (K) or germ cell (H, L, and P). Bar ¼ 50 lm.
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testes had poorly developed testicular morphology. The SOX9 localization in Sertoli cells suggests that their differentiation was not affected, which is similar to the results seen in the mouse [17] . However, there was widespread fragmentation in laminin deposition, demonstrating that cord formation was disrupted when hedgehog signaling was inhibited by cyclopamine. Cordlike structures were visibly disorganized with a complete absence of laminin deposition in forskolin-treated testes, which developed an ovarianlike morphology. The distribution pattern of germ cells in the cyclopamine-and forskolin-treated testes was disrupted. These observations suggest that disruption of the hedgehog signaling pathway Cyclopamine-treated ovaries did not show distinctive cortical and medullary regions but developed a denser epithelial layer (E and inset). SOX9 was weak and cytoplasmic (F), and laminin staining was irregular and fragmented (G), resembling cultured control ovaries. Germ cells were mostly distributed within the cortex, although the cortical region was not pronounced (H). Similarly, in the forskolin-treated group, cellular morphology of cultured control ovaries showed development of distinct cortical and medullary regions (I) and absence of SOX9 localization (J). Laminin deposition (blue) was fragmented and discontinuous (K), and germ cell clusters (dark brown) were distributed in the cortical region (L). However, forskolin-treated ovaries appeared to lack a prominent cortex and had a dense epithelial layer (M and inset). Cytoplasmic and some nuclear SOX9 localization (dark brown) were detected in the treated ovaries (N), and there was strong laminin deposition resembling cultured control testis (O). Germ cells were distributed in small clusters around the periphery of the ovary, but a few germ cells were detected in the inner regions (P). Long dotted line represents cortical/medullary boundary; short dotted line denotes the outline of the gonad; arrow represents germ cell cluster; c, cortex; m, medulla. Bar ¼ 50 lm.
had interfered with the proper development of cords and the normal positioning of germ cells within cords. This observation phenocopied a germ cell defect in Dhh-null mice where germ cells were found outside of presumptive cords [5] . The disruption in cord formation resulted in gaps in the basal lamina that line seminiferous tubules enclosing the germ cells, thus allowing germ cells to leak out [5] . In the present study, it is likely that hedgehog signaling regulating peritubular myoid cell development was also disrupted. The basal lamina was not sufficiently laid down due to the abnormal development of peritubular myoid cell, which subsequently hindered cord formation and the incomplete enclosure of germ cells. Germ cells were therefore located exterior to cords. Hence, it is possible that as in mice, peritubular myoid cell differentiation and subsequent cord formation is regulated by DHH in the marsupial.
In the tammar, ovarian differentiation is accompanied by regionalization to form an outer cortex and inner medulla region [25, 27] , which is identical to early ovarian development in humans [46] . Control ovaries in culture developed a distinct and relatively wide cortex and medullary region with clear boundaries of connective tissue separating the two, characteristic of the initiation of normal tammar ovarian differentiation. Furthermore, there was weak cytoplasmic SOX9 localization, highly fragmented laminin deposition, and high concentration of germ cells in the cortical region in control ovaries, as in the normal ovarian phenotype [40] .
Cyclopamine-treated ovaries retained features of normal ovarian differentiation, indicating that hedgehog signaling is not involved in early ovarian differentiation in the tammar. Inhibition of hedgehog signaling by cyclopamine also had no visible effect on the distribution of germ cells in the ovary, suggesting that hedgehog signaling does not regulate ovarian germ cell distribution and supporting the findings from the Dhh-knockout mouse study [8] . However, laminin deposition in forskolin-treated ovaries developed a testicularlike pattern. Germ cell distribution in these ovaries was more testicularlike than ovarian, suggesting that activation of PKA through forskolin treatment contributed to a disrupted morphology in tammar ovaries. Despite the germ cell arrangement, SOX9 localization remained cytoplasmic and the gonad did not develop a cordlike pattern. Interestingly, cortical development in all the treated ovaries appeared to be absent. In contrast, Dhh-null female mice had no obvious morphological defects in the developing ovaries, and the mice are fertile and viable, indicating that DHH is not necessary for early ovarian morphogenesis and female germ cell development [8] . As PKA signaling is commonly found in many developmental processes, the activation of PKA by forskolin could have ectopic effects in gonadal development. In addition, the fate of germ cells is known to be regulated by their somatic environment [47] [48] [49] [50] . Mouse germ cells can be induced to differentiate into prospermatogonia or oocytes regardless of their genotype by manipulating their somatic environment [48, 50] . However these germ cells ultimately fail to complete spermatogenesis or oogenesis, respectively. The activation of PKA could have affected cortical development during ovarian differentiation that disrupted the normal female somatic environment, or PKA signaling could have indirect effects on germ cell aggregation or proliferation, leading to the testicularlike laminin and germ cell distribution patterns observed in forskolin-treated ovaries.
In conclusion, this study demonstrates a conserved functional and essential role for hedgehog signaling in the regulation of seminiferous cord development in the marsupial testis. This study also demonstrates that marsupials and eutherians share common signaling pathways and key regulatory processes governing mammalian gonadal development during the differentiation of these important organs, despite the divergence of marsupials from the eutherian lineage around 160 million years ago.
